Cytochrome c oxidase (CcO) uses the energy released by reduction of O 2 to H 2 O to drive eight charges from the high pH to low pH side of the membrane, increasing the electrochemical gradient. Four electrons and protons are used for chemistry, while four more protons are pumped. Proton pumping requires that residues on a pathway change proton affinity through the reaction cycle to load and then release protons. The protonation states of all residues in CcO are determined in MultiConformational Continuum Electrostatics simulations with the protonation and redox states of heme a, a 3 , Cu B , Y288, and E286 used to define the catalytic cycle. One proton is found to be loaded and released from residues identified as the proton loading site (PLS) on the P-side of the protein in each of the four CcO redox states. Thus, the same proton pumping mechanism can be used each time CcO is reduced. Calculations with structures of Rhodobacter sphaeroides, Paracoccus denitrificans, and bovine CcO derived by crystallography and molecular dynamics show the PLS functions similarly in different CcO species. The PLS is a cluster rather than a single residue, as different structures show 1-4 residues load and release protons. However, the proton affinity of the heme a 3 propionic acids primarily determines the number of protons loaded into the PLS; if their proton affinity is too low, less than one proton is loaded.
Cytochrome c oxidase (CcO) uses the energy released by reduction of O 2 to H 2 O to drive eight charges from the high pH to low pH side of the membrane, increasing the electrochemical gradient. Four electrons and protons are used for chemistry, while four more protons are pumped. Proton pumping requires that residues on a pathway change proton affinity through the reaction cycle to load and then release protons. The protonation states of all residues in CcO are determined in MultiConformational Continuum Electrostatics simulations with the protonation and redox states of heme a, a 3 , Cu B , Y288, and E286 used to define the catalytic cycle. One proton is found to be loaded and released from residues identified as the proton loading site (PLS) on the P-side of the protein in each of the four CcO redox states. Thus, the same proton pumping mechanism can be used each time CcO is reduced. Calculations with structures of Rhodobacter sphaeroides, Paracoccus denitrificans, and bovine CcO derived by crystallography and molecular dynamics show the PLS functions similarly in different CcO species. The PLS is a cluster rather than a single residue, as different structures show 1-4 residues load and release protons. However, the proton affinity of the heme a 3 propionic acids primarily determines the number of protons loaded into the PLS; if their proton affinity is too low, less than one proton is loaded.
MCCE | bioenergetics | pK a | proton transfer T he electrochemical gradient across cellular, mitochondrial, or chloroplast membranes powers ATP synthesis and other key biological functions (1, 2) . The gradient is formed by protons transferred from the high (N-) to low (P-) pH side of the membrane through proteins that carry out exergonic electron transfer reactions (3, 4) . The protons move because the redox reactions modify the proton affinity of residues and cofactors by pK a shifts of the redox active species, by changing the long-range electrostatic potential or through induced conformational changes (4) . The accessibility of sites to N-and P-sides of the membrane may also change to ensure that protons are taken up from the correct side in each step. Despite the importance of these reactions, it has proved to be very challenging to understand how proteins control proton transfer thermodynamics and kinetics to move protons uphill (3, 5) .
CcO is the well-studied terminal electron acceptor in the aerobic respiratory electron transport chain; it uses the chemical energy liberated by reducing O 2 to H 2 O to drive protons against the electrochemical gradient (5, 6). The overall reaction is Four electrons are donated by four reduced cytochromes c on the P-side of the membrane (cytc 2+ P ), whereas eight protons are taken up from the N-side (H + N ) through the D-and K-channels (SI Appendix, Fig. S1 ) (7, 8) . Four protons are consumed in the redox reaction in the binuclear center (BNC) and the other four are pumped from the N-to P-side of the membrane (H + P ) (9, 10) . The BNC contains a Cu center (Cu B ), a high-spin Fe-heme (heme a 3 ), and a tyrosine (Y288, Rhodobacter sphaeroides numbering is used here; Fig. 1 ).
CcO adds to the proton gradient by two parallel mechanisms (2, 3, 5, 11) . Because the substrate oxygen has a very low pK a , and the product water has a high pK a , the reaction cannot occur without four protons being bound. These substrate protons are bound from the N-side of the membrane adding to the proton gradient. CcO also functions as a proton pump (9) . Here, residues buried in the protein change their proton affinity in a sequence coupled to each reduction of the protein, and this results in protons being bound from the N-side and released to the P-side. The protein needs to ensure that protons are not taken from the P-side where their concentration is higher, although the mechanism by which this accomplished is not understood (12, 13) .
The CcO reaction cycle is divided into four redox states, R, F, O, and E ( Fig. 2 and SI Appendix, Fig. S2 ). Between two states, one electron and one proton are transferred into the BNC, and one proton is pumped across the membrane (11, (14) (15) (16) (17) . In the R state when both heme a 3 and Cu B are reduced, oxygen binds to the BNC. Then heme a 3 , Cu B , and Y288 (or heme a) (2) contribute four electrons to break the O 2 bond. The initial product state is denoted the P state, which progresses to the F state after a proton is transferred to the BNC. After O 2 reduction, which oxidizes the CcO cofactors, the redox centers are rereduced by four cytochromes c, with one electron added to sequentially form the O, E, R, and then F states.
Protons for pumping are taken up via the D-channel, whereas protons are given to the BNC from the D-and K-channels (8) . E286, located at the inner terminal of the D-channel, passes chemical protons to the BNC or pumps protons outward to the P-side of the membrane (18, 19) . The D-and K-channels are seen in crystal structures as narrow chains of waters and polar residues (SI Appendix, Fig. S1 ). In contrast, the proton transfer pathway from E286 to the P-side of the membrane is a complex network of polar and ionizable residues.
Measurements of the change in transmembrane potential suggest that there is a group, denoted the proton loading site (PLS) that transiently holds the proton as it moves from E286
Significance
The transmembrane proton gradient is the primary source of cellular energy. Cytochrome c oxidase pumps protons uphill across the membrane using the energy released by the reduction of O 2 . Proton transport requires that residues change their proton affinity during the reaction cycle. Calculation of proton binding identifies a cluster of residues that bind and release a proton on each reduction of the active site. These residues can constitute a proton loading site. The heme propionic acids play the central role in proton loading. If the propionic acid proton affinity is too low, no protons will be loaded. The same proton-pumping mechanism can be used for each of the four redox steps carried out in the reaction cycle.
along the exit pathway above heme a and a 3 on P-side of the protein (20, 21) . However, it is not known what residue binds the proton or if the same residue is used in each redox state (22) (23) (24) (25) . The propionic acids on the A (PRA) or D (PRD) rings of heme a 3 (26) or His A334, which is a ligand to Cu B , have all been proposed to be the PLS (15, 24, 27, 28) . The energetics and pathway of proton pumping has been simulated assuming the PRD of heme a 3 is the PLS (26, (29) (30) (31) (32) . Because there are many ionizable groups on the P-side, the PLS could also be made up of a cluster of residues rather than a single site (SI Appendix, Fig. S1 ).
In each redox state there must be a sequence of individual substates that order the reduction of CcO and transfer of a proton to the BNC and to the P-side of the membrane. Time-resolved measurements of the R-to-F transition help to define an order (22, 33) . Because each reduction of the BNC is associated with proton pumping (14, 30, (34) (35) (36) , it is assumed that the order of substates is the same in each redox state (5) . Because this is a cycle, the starting substate is arbitrary ( Fig. 2 and SI Appendix, Fig. S2 and Table S1 ). The basic cycle assumes: (i) a new active site redox state is initiated with the electron transfer from heme a to the BNC; (ii) this increases the BNC proton affinity so a proton is bound via the D-or K-channel that will be used for chemistry. Other residues can substitute even when proton input into the D-channel is blocked by mutation (37, 38) ; (iii) BNC protonation leads to proton release from the nearby PLS to the P-side; (iv) heme a is reduced by cytochrome c via Cu A ; (v) which leads to loading the nearby PLS by proton transfer from E286. The second electron transfer to the BNC moves the system to the next redox state restarting the sequence. The reduction states of heme a 3 , Cu B , and Y288 and protonation states of the oxygens on heme a 3 , Cu B , or Y288 define the system as being in the R, F, O, or E state (39, 40) .
The sequence of substates i-iv does not specify if E286 is deprotonated transiently or if there are metastable states with E286 deprotonated. E286 has a high proton affinity, with an operational pK a for CcO turnover of 9.4 (35) . The choice taken here is to have the reduction of the BNC before the reprotonation of E286. In addition, calculations are carried out where E286 protonation state is not fixed. Previous calculations have reprotonated E286 before (30) or after (32) electron transfer to the BNC. Simulations by Warshel, who considered many possible electron and proton transfer sequences, found the lowest energy barrier when the electron transfer to the BNC occurs before reprotonation of E286 (29, 32) . The protonation of the PRD of heme a 3 may open a cavity near E286 (26) ; this is calculated to significantly lower the proton affinity of E286, stabilizing its deprotonated state for proton transfer to the BNC. Other simulations have suggested rotating E286 between up or down conformations may (30, 31) or may not (26) change its proton affinity.
Continuum electrostatic calculations have been used to evaluate the protonation states of all residues and the E m of heme a with the BNC fixed in different ionization states (24, 41, 42) . Analysis of the proton acceptors near the BNC in each transition showed with four electrons added to the BNC, only two protons not four were bound (41, 42) . Thus, the protein does not appear to maintain electroneutrality (43, 44) . This earlier work did not divide each BNC redox state into multiple substates but rather added an electron and investigated the equilibrium protonation of the system.
The work presented here uses MultiConformation Continuum Electrostatics (MCCE), which carries out continuum electrostatic analysis with Monte Carlo sampling of protein conformation and protonation states to calculate the equilibrium protonation of all Table S1 ). Cu A is always oxidized here. PRA and PRD, which are the propionic acids of heme a and a 3 , are allowed to come to equilibrium with the imposed charges in each substate.
Fig. 2. (Upper)
The four redox states of the BNC. In R state O 2 binds the reduced BNC. Each state is separated by the addition of one electron from heme a and one proton from E286 to the BNC. Red, reduced; green, more oxidized; blue, most oxidized. (Lower) The substates for the F state. The sequence shown starts at the end of the R state (R6) with heme a 3 and Cu B reduced, O 2 bound in the BNC, and E286 having released the proton to load the PLS. Electron transfer from heme a to the BNC triggers reduction of O 2 to generate the P R state (F1 and F2 here). E286 is then protonated via the D-channel. The proton is transferred from E286 to the BNC. In the F state the proton acceptor is the hydroxyl ligand to Cu B . E286 is then reprotonated and heme a is reduced by cytochrome c via Cu A . Then E286 loses a proton, which should be loaded into the PLS for pumping. This substate (F6) is now prepared for the next electron transfer to form the O1 substate as shown. The transitions i, ii, iv, and v are described in the text (5) . Transition iii is proton release from the PLS. In the calculations, proton release is not fixed in any step; rather, it results from the change in the electrostatic environment, so this step is not explicitly included in the reaction cycle. Rather, the number of protons bound to the PLS is monitored in all substates to identify when protons are released. In calculations of transition v, a proton is removed from E286 without designating the proton acceptor. See SI Appendix, Fig. S2 and Table S1 for a description of the entire reaction cycle. Fig. S2 and Table S1 ) (33) . Different structures of Rb. sphaeroides, Paracoccus denitrificans, and bovine CcO are investigated. The protonation states of residues that could contribute to the PLS are monitored in each imposed substate. It is found that residues in the designated PLS cluster can take up and release as much as one proton through the substate sequence in each redox state, indicating one mechanism can be used for pumping in all redox states. Residues that may contribute to the PLS are identified. The PLS cluster load protons when heme a is reduced and release them when the BNC is protonated as suggested previously (29) (30) (31) (32) . However, the protons are found to be bound and released over several substates rather than in a single transition.
Results and Discussion
Each of the four BNC redox states (R, F, O, and E) is divided into six substates ( Fig. 2 and SI Appendix, Fig. S2 and Table S1 ).
The sequence follows the order of states (i-v) described in the introduction (5, 14) with two additional clarifications. First the protonation state of E286 is defined. Electron transfer to the BNC can occur before or after reprotonation of E286. Here it is assumed to occur first. This choice sustains a more negatively charged CcO, so highlights the electrostatic control of the proton affinity of the PLS (SI Appendix, Fig. S2 and Table S1 ) (29, 32) . In addition, calculations are carried out when the E286 protonation state is free to equilibrate with the protein.
The consensus model suggests the PLS will be loaded when heme a is reduced, and protons will be released from the PLS when protons are transferred into the BNC (3, 5). Here we are trying to determine which steps support changes in PLS proton occupancy, not to impose them. Therefore, after heme a reduction, a proton is removed from E286 without specifying where it will go. The calculated CcO equilibrium protonation then shows if the residues in the PLS cluster bind protons. Also, there is no step that specifies PLS unloading; rather, the proton occupancy in the PLS region is free to show which transitions lead to proton loss. The pattern of proton uptake and release is first described in calculations using the Rb. sphaeroides crystal structure 1M56 and then compared with the results in other CcO structures (SI Appendix, Table S1 ) (26) .
Changes in PLS Protonation in the Rb. sphaeroides Structure 1M56.
Fig . 3A shows the imposed charge in the cycle varies from +1 to −1 (red line). The total CcO charge equilibrated in each substate (black line) changes. In the 1M56 structure, the change in total protein charge is approximately half that imposed, indicating that protons are released to solution when the imposed charge is positive and bound when it is negative. The protonation changes are summed for all of the ionizable residues in a 10-Å sphere around the PRD of heme a 3 , which are evaluated as members of the PLS (green line, SI Appendix, Fig. S1 ). The rest of the protein is denoted the non-PLS region (purple line). These calculations do not follow the pathway of proton transfer, so there is no way to know if these protons are loaded from the Nor P-side. What is shown is that the PLS region does bind and release protons as the electrostatic potential changes through the imposed reaction cycle. The PLS holds the fewest protons when the BNC has received the chemical proton with heme a oxidized and E286 protonated (substate R4, F4, O4, E4, denoted X4; Figs. 2 and 3 ). This substate, with the most positive imposed charge, is found to be the end of the proton release and the beginning of the next proton-loading process. Protons are added to the PLS when heme a is reduced, as suggested previously (X5) (5, (29) (30) (31) (32) . More protons are loaded when E286 is deprotonated without assigning the proton acceptor (X6). The electron on heme a is then transferred into the BNC to generate the next redox state (X1). This electron transfer does not change the net charge of the whole protein yet induces additional proton uptake to the PLS. The reprotonation of E286 begins the loss of protons from the PLS (X2). The chemical proton is transported from E286 into the BNC (X3); this is another step with no change in net imposed charge, yet it is associated with proton release from the PLS. Finally, E286 is reprotonated and the PLS reaches its minimum protonation level (X4).
The pattern for proton loading and release is repeated for all four BNC redox states, although there is some variation in the amount of protons bound (Fig. 3A) . Changes of less than one proton bound or released indicate that the site is near its pK a and so is partially protonated at the beginning and/or that the pK a does not shift enough for the residue to change from fully protonated to fully deprotonated (SI Appendix, Fig. S3 ). Though the protons are not constrained to go to the PLS, the equilibrated CcO does bind and release protons into this region. Heme a is oxidized during proton loading and reduced during proton release. Protonation of E286 and chemical proton transfer from E286 to the BNC also contribute to proton release.
Identity of the Residues in the PLS That Change Protonation in Each
Substate Cycle. Twenty-two groups are monitored, providing an unbiased test of which ones are active members of the PLS (SI Appendix, Fig. S2 and Table S1 ). In 1M56, all four propionic acids of the heme a and a 3 are involved in proton loading and release (SI Appendix, Fig. S4 ). These four acids are all deprotonated when the PLS has the fewest protons bound; they are partially protonated as heme a is reduced and E286 deprotonated (X5 and X6). When the electron is transferred from heme a to the BNC (X1), the captured proton goes to the heme a 3 propionates, with the heme a propionates returning to their deprotonated state. The heme a 3 propionates then lose their protons over the following steps (SI Appendix, Fig. S4 ).
Protonation Changes Outside of the PLS in 1M56. The non-PLS residues also respond to buffer the imposed charge. In 1M56, the non-PLS residues take up and release 0.6-0.8 protons in different redox states (Fig. 3A) . Because these residues bind and release protons from the same side of the membrane, they do not contribute to pumping. Approximately 10-20 residues contribute to this distal protonation change (SI Appendix, Fig. S5 and Table  S4 ). No individual non-PLS residue binds more than 0.3 protons. Most of these residues are relatively solvent-exposed on both inner and outer surfaces; they start out partially protonated, with their pK a ∼pH 7, so a small change in the electrostatic potential leads to changes in protonation. Other internal residues, such as Glu C90 and His C212, are in ion pairs, where proton transfer occurs within the pair and so makes little contribution to the total charge change.
Proton Loading Cycle in Different CcO Structures. The same CcO reaction cycle is imposed on five additional crystal structures, including three from Rb. sphaeroides, one from Paracoccus denitrificans, one from bovine as well as six Rb. sphaeroides Molecular Dynamics (MD) snapshots (SI Appendix, Table S3 ). The response of the PLS in these structures is divided into three groups (SI Appendix, Fig.  S6 ). In the first group, proton uptake and release is seen in the PLS cluster in all four redox states. Changes in protonation vary from ∼ 0.6 to 1 proton, with more significant uptake in E and R than in F and O portions of the cycle (SI Appendix, Fig. S6A ). The second group supports loading and release of ∼1 proton in E and R states, but with significantly less proton uptake in F and O-this includes 1M56, which has been described above, several other Rb. sphaeroides MD snapshots, and the bovine CcO structure 2OCC (SI Appendix, Fig. S6B ). The last group shows little or no proton loading in the PLS; it includes the Rb sphaeroides structures 2GSM and 3FYE, and the P. denitrificans structure 1AR1 (SI Appendix, Fig. S6C ).
The Rb. sphaeroides structures 1M56, 2GSM, and 3FYE show a range of proton uptake into the PLS. The MD snapshots derived from 1M56 can either take up more (1M56a) or less (1M56b) protons than the parent structure. The behavior is not correlated with the size of the cavity near E286 that controls the Glu proton affinity (16, 26) . The behavior of the P. denitrificans and bovine CcO structures fits within the range found with the Rb. sphaeroides CcO structures.
In the eight structures that show proton uptake, a small subset of residues monitored as the PLS contributes to proton loading. In different Rb. sphaeroides structures, in addition to the four propionic acids, Arg A52, 412, 481, and 482, and Lys B227 load at least 0.1 proton in at least one structure. In 1M56, all four propionates change charge (SI Appendix, Fig. S4 ). In 1M56f, only PRA of heme a 3 takes up ∼0.9 protons. Five structures use three or four residues, whereas two structures use two residues and one uses a single residue. In P. denitrificans, Lys B191 and the heme a 3 acids load protons. In the bovine structure, both heme a 3 acids, Asp A52 and Lys B171, contribute. Thus, the PLS is more of a cluster than a single site. Which residues are active is influenced by small differences between structures, which are highlighted in these calculations where the protein backbone is fixed (SI Appendix, Tables S5 and S6 ). This suggests that in an experimental ensemble of structures, protons could be loaded to different sites. However, the PRA and PRD of heme a 3 are most likely to play roles in proton uptake. These two groups will be examined to understand why more protons are loaded in the E and R states than in F and O, and why some structures load more protons than others.
Comparison of the Four BNC Redox States. In most CcO structures investigated, there are more protons loaded in E and R states than in F and O. The net imposed charge and the heme a and E286 charge distributions are independent of redox state.
However, the BNC charge distribution is different in the four redox states (Fig. 3A and SI Appendix, Fig. S2 and Table S1 ). The interaction of PRA and PRD of heme a 3 with the BNC was calculated in each structure (SI Appendix, Fig. S7 ). The electrostatic potential from the BNC at these two propionic acids is ∼120 mV more negative in the E and R states than that in F and O, although the net charge is the same in all redox states. The negative potential raises the PRA and PRD proton affinity, increasing their pK ′ 7 by ∼2 pH units in E and R states.
The Factors That Change the PLS Proton Uptake. In all structures, the four propionic acids are fully ionized in the substate where the PLS has the fewest protons (X4). Fig. 4 compares the proton uptake in the E state, which generally has a large uptake, and the R state, which has lower uptake with the proton affinity of the PRA and PRD of heme a 3 as given by their pK ′ 7 s (Eq. 1). In all of the structures that show significant proton loading, at least one of the heme a 3 propionates has its pK ′ 7 near or above 7. Comparing these structures shows changes in interactions of the propionic acids with other PLS residues and with the backbone dipoles contribute to the difference in pK ′ 7 ; this is not unexpected given the density of charged groups in the PLS-however, it indicates one special interaction does not decide between structures that load protons and ones that do not (SI Appendix, Tables S5 and S6 ). The proton affinity of the propionic acids is lowered by as much as 3.6 pH units when a proton has moved into the BNC. Thus, the longrange electrostatic interactions with the chemical proton in the BNC can push the proton out of the PLS (5, 10, 11, 30) .
To test the importance of the propionic acids, their proton affinity is increased in 2GSM, a structure that does not load protons into the PLS (SI Appendix, Figs. S8 and S9) . The pK ′ 7 of heme a and a 3 propionic acids range from 0.1 to 5.5 in the substates where protons should be loaded. The PLS does not Fig. 3. (A) The charge change in the CcO 1M56 structure as it goes through the defined substates reaction cycle (Fig. 2) . Each summed charge is provided relative to the charge in the R4 substate where the PLS has the fewest protons bound. R4 is formed by reprotonation of E286 with heme a oxidized. load protons in F and O states and binds ∼0.2 protons in E and R. When the proton affinity of heme a 3 acids is increased to shift the pK ′ 7 by four pH units, 0.6 protons are taken up in F and O states, and one proton E and R. Interestingly, if both heme a 3 acids are fixed in their neutral states in the cycle, the PLS loads one proton. Arg A481 and Asp A407, which are hydrogen bonded to PRD and PRA of heme a 3 , respectively, become the sites for proton loading. Several residues in the PLS cluster have been mutated such as D407 (45) and R481 (46, 47) with modest changes in pumping; this is consistent with the finding here that more than one residue makes up the PLS and they can substitute for each other.
The Proton Affinity of E286. The protonation state of E286 is fixed in the imposed substates that generate the results shown in Fig.  3A . The sequence chosen has reprotonation of E286 occurring after electron transfer from heme a to the BNC (Fig. 2) . As found previously, the E286 pK ′ 7 is >10 in all substates for all crystal structures and some MD snapshots (26) . With such a high proton affinity, the deprotonated E286 may be very unstable so the assumption made here that the PLS comes to equilibrium with an anionic Glu may not be correct. The proton uptake into the PLS was determined in the structure 1M56a, which shows robust pumping, without fixing the protonation state of E286. There are now only three defined substates: X2, X4, and X5, because the substates with a fixed deprotonated E286 are not considered (Fig. 2) . The free E286 remains protonated. However, the proton loading and release in the PLS is still seen (Fig.  3B and SI Appendix, Fig. S10) ; it is smaller in the F and O states and less changed in the E and R states, which is not unexpected, because the charge distribution in the BNC raises the proton affinity of the PLS less in the F and O states so the contribution of a negatively charged E286 is more important there. Thus, proton loading still occurs when E286 remains protonated.
The simulation with free E286 was repeated in the 1M56e structure, which has a large cavity near E286 that is opened when MD simulations are run in the presence of a protonated PRD of heme a 3 (26) . This structural change better solvates the ionized E286, stabilizing the deprotonated state. Robust pumping is seen in the standard 24-substate cycle (SI Appendix, Fig. S6A ). In this simulation, the pK ′ 7 of E286 and the PRA of heme a 3 are both close to 7 (SI Appendix, Fig. S10 ). Thus, E286 and the PRA are both partially protonated in all substates and so both respond to the changes in electrostatic interactions imposed by changing the charge on heme a and the BNC (SI Appendix, Fig. S11 ). With the lower E286 proton affinity, there is a mixture of states with either E286 or the PLS protonated, revealing the possibility of proton transfer from E286 to the PLS (26) .
Conclusion
The work presented here addresses the long-standing questions about the identity of the PLS in CcO and determines if long-range electrostatic interactions are sufficient to lead to proton loading and release. A cluster of residues play roles showing the PLS is not a single site; this is not unexpected given the number of ionizable residues in the region on P-side of the protein. Different input structures show different amounts of proton loading. The proton affinity of the heme a 3 acids controls the number of protons bound; if their pK ′ 7 s (Eq. 1) are much lower than 7, they stay fully ionized and the PLS does not load protons through the cycle. This behavior would be seen in uncoupled CcO where O 2 is reduced with no proton pumping. When the propionate pK ′ 7 s are ≥7 in the substates where heme a is reduced and E286 deprotonated, proton loading and release is seen. Interestingly, if the propionic acids are fixed in their protonated states through the cycle, one proton is loaded in each CcO redox state, using residues that are hydrogen bonded to the now neutral acids.
The behaviors of P. denitrificans and bovine CcO are highly similar to that found for Rb. sphaeroides CcO. In addition, the similarity of proton loading and release shows that one mechanism suffices to allow pumping one proton each time the protein is reduced in all A-type CcOs. The results are thus consistent with previous models suggesting that protons should be loaded when heme a is reduced, and released when a proton is transferred to the BNC (5). However, the free calculations show loading and release occur over several substates of the reaction cycle rather than being coupled to a single step of the reaction.
Materials and Methods
Protein Coordinates. Crystal structures 1M56 (48), 2GSM (49), 3FYE (50) (Rh. sphaeroides), 1AR1 (51) (P. denitrificans), and 2OCC (52) (bovine) were analyzed. In addition, MD snapshots initiated with 1M56 coordinates in different CcO redox states were studied (denoted 1M56a-1M56f). 1M56a-1M56d have a small cavity near E286 as found in the crystal structure. 1M56e and 1M56f have a large and water-filled cavity near E286 (26) . All structures have E286 in the downward direction toward the D-channel. The redox states fixed in the MD simulation that produced the snapshots are given in SI Appendix, Table S3 .
Substates in the Calculation. The substate order relies on experimental studies of the electron and proton transfer in the P R -to-F transition (5, 14, 33) and is the same as used previously in other simulations (29) . The P R state occurs between R and F after electron transfer into the BNC breaking the O-O bond to form the feryl heme a 3 . P R is formed when heme a is reduced before oxygen reduction, and heme a, not Y288, provides the fourth electron needed for O 2 reduction (14, 53) . In the substate cycle the P R state is denoted F1 and F2. Though there is only information about the substates in the P R /F redox state, each of the four redox states will be assumed to proceed through the same electron and proton transfer sequence-the only difference is which cofactor in the BNC is reduced and whether the aquo ligand to heme a 3 or Cu B or Y288 receives the proton (Fig. 2 and SI Appendix, Table S1 ).
MCCE Calculations. Though the redox and protonation states of heme a, a 3 , Cu B , Y288, and E286 are fixed, the protonation states of the rest of the protein are allowed to reach equilibrium. MCCE (54) is used to calculate the protonation states of CcO in all substates. The method has been described previously (41, 42) , and additional details are provided in SI Appendix.
MCCE Analysis of the Proton Affinity. The proton affinity of a residue can be calculated while maintaining the ionization states of all other residues in their equilibrium states at a given pH (26) . For each residue equilibrated with the bulk at pH 7, the free energy of ionization is ΔGðAH → A − Þ = 1:36ðpK 7 ′ − 7Þkcal=mol:
Residues That May Be in the PLS. All ionizable residues within 10-Å of the PRD of heme a 3 are assessed as potential members of the PLS. In Rh. sphaeroides CcO, it includes 22 residues: Arg A52, 407, 408, 481, 482; Lys Fig. 4 . Dependence of the PLS proton uptake on the proton affinity of heme a 3 acids (pK′ 7 ) . The change in PLS protonation in the R1 (•) and E1 (○) substates relative to that found in the R4 substate, which has the fewest protons bound. The higher pK′ 7 of heme a 3 acids is used for each CcO structure in R1 or E1 substate. The linear regression line has an R 2 of 0.729.
